Introduction
============

Duplication of genetic material has long been recognized as an important driver of phenotypic diversification ([@evt051-B37]), including during primate evolution ([@evt051-B42]; [@evt051-B25]), but only recently have we begun to appreciate the extent to which structural variation occurs in genomes. The discovery of abundant structural variants dramatically changed our view of the sources of genome variation and emphasizes the highly dynamic nature of genome evolution ([@evt051-B24]; [@evt051-B40]; [@evt051-B33]; [@evt051-B38]). Such structural variants are traditionally termed copy number variants (CNVs) when larger than 1 kb, and include deletions, insertions, duplications, and inversions that can extend several megabases (Mb) in length. CNVs provide a major class of genomic variants found in the genomes of many organisms ([@evt051-B7]; [@evt051-B12]; [@evt051-B13]; [@evt051-B18]; [@evt051-B14]; [@evt051-B32]; [@evt051-B16]). Approximately 12% of the human genome resides in CNVs ([@evt051-B38]) and as much as 5% of protein-coding genes show structural polymorphism in the nematode *Caenorhabditis elegans* ([@evt051-B32]). Consequently, CNVs represent an important cause of phenotypic diversity, in particular affecting gene expression variation ([@evt051-B12]; [@evt051-B44]; [@evt051-B18]) and disease susceptibility ([@evt051-B4]; [@evt051-B41]).

In addition to large CNVs, genomes harbor a plethora of small insertions and deletions (indels) that contribute substantially to genome sequence divergence and that represent a major constituent of the known heritable human disease burden ([@evt051-B43]). For instance, perceptions about sequence identity between human and chimpanzee changed drastically upon the discovery that indels contribute more to divergence than do single nucleotide substitutions ([@evt051-B2]). Indeed, indels are far more responsible than nucleotide changes for unmatched sites between closely related genomes ([@evt051-B3]). Indels are also frequent in protein-coding sequences ([@evt051-B51]; [@evt051-B5]) and can alter protein structure ([@evt051-B53]). One mechanism for the origin of insertion and deletion errors is strand slippage during replication of repetitive sequences. Primer and template strands of DNA can transiently dissociate and form intermediate misalignments that are stabilized by the pairing of the repeat sequences when they re-associate ([@evt051-B28]). The length of the repeats also affects the rate of indel formation. DNA polymerases have a proofreading activity resulting from the balance between the rates of primer extension and excision at the primer terminus. When the mismatch is located far from the polymerase active site, because of longer repeat sequences, it does not compromise the rate of polymerization, which results in less efficient proofreading activity ([@evt051-B27]).

A more subtle effect of the presence of indels, but with important consequences for genome evolution, is a local elevation of the single nucleotide mutation rate in the regions surrounding indels ([@evt051-B48]). Tian et al. demonstrated that the number of nucleotide substitutions decreases as a function of the distance from indels in the genomes of primate, rodent, rice, fruit fly, and yeast. A recent analysis of nucleotide polymorphism in *Drosophila melanogaster* revealed that nucleotide changes within populations are more abundant near indels and other variants, although the authors' interpretation of the data differs ([@evt051-B31]). Indels have also been found to affect the rate of nucleotide substitutions in bacteria ([@evt051-B54]; [@evt051-B34]) and the amount of within-species polymorphism in plants ([@evt051-B23]). Remarkably, indels influence nucleotide substitution patterns across different time-scales, as evident by their effect on human and chimpanzee divergence, diversity within human populations, and polymorphism between cancer and normal somatic cells of the same individual ([@evt051-B9]). Three distinct, but nonmutually exclusive, mechanisms have been proposed to explain the increase of the mutation rate in the vicinity of indels, including a mutagenic effect of heterozygous indels ([@evt051-B48]), the recruitment of low-fidelity polymerases during DNA repair ([@evt051-B9]), and low-fidelity polymerase recruitment following polymerase-stalling induced by repeat motifs ([@evt051-B34]).

Here, we investigate the role of indels on nucleotide variation in nematodes, using dense polymorphism and divergence data from two closely related species of *Caenorhabditis* nematodes that each harbor very high levels of polymorphism ([@evt051-B8]; [@evt051-B26]; [@evt051-B11]). We demonstrate that indel and single nucleotide variants cluster together and that single nucleotide variation is increased with closer proximity to indels. A large proportion of indels have associated nearby short sequence repeats. Moreover, nucleotide substitutions close to indels are biased toward transversions, a signature of error-prone polymerases. However, we do not find evidence that repeats alone increase the single nucleotide mutation rate. These results are compatible with the combined effects of previously proposed mechanisms of indel-associated mutation ([@evt051-B9]; [@evt051-B34]), suggesting that repeat sequences encourage indel formation, with subsequent recruitment of error-prone polymerases that incidentally create single nucleotide mutations during DNA repair.

Materials and Methods
=====================

We investigated the effect of indels on single base-pair mutations using a polymorphism data set that targeted nucleotide variation around all known miRNA genes in the *C.remanei* genome (Jovelin R, Cutter AD, unpublished data). Polymorphism data were collected using Sanger sequencing of both DNA strands. We controlled for data quality and the potential for sequencing errors in the following two ways: 1) Primers were designed such that forward and reverse sequences strongly overlap, resulting in all loci being sequenced on both strands, and 2) all single nucleotide polymorphisms (SNPs) were verified by visual inspection of the sequence chromatograms, increasing confidence for the discovered polymorphisms. Sequences were deposited in GenBank under accession numbers KC867968-KC869320. For this study, we masked out the miRNA sequences themselves, including the entire pre-miRNA fold because of possible biases introduced by the strong purifying selection operating directly on these regulatory RNA genes. The final data set includes 217 sequence fragments, approximately 180-bp long on average, sequenced in 8 to 20 strains of *C. remanei* (*n* \< 10 for six fragments, median *n* = 11), as well as 103 orthologous fragments sequenced in two strains of the closely related species, *C*. sp. 23. A total of 130 orthologous fragments were used to investigate nucleotide divergence between species, using *C. remanei* strain PB4641 (reference genome) and *C*. sp. 23 strain VX0082 (or VX0087 if amplification failed for strain VX0082). For each fragment, alleles were manually aligned using BioEdit ([@evt051-B19]), and nucleotide diversity ([@evt051-B36]) was quantified using DnaSp v5.10 ([@evt051-B29]). Interspecies divergence was measured with a Jukes--Cantor distance in MEGA 5 ([@evt051-B46]), or with DnaSP for the sliding window analysis. We also generated automated multiple sequence alignments using CLUSTAL W with default parameters ([@evt051-B47]) to test for consistency with results from our manually curated alignments.

To investigate the effect of indels on nucleotide variation, we analyzed nonoverlapping windows of 10-bp width starting at position −1 or +1 relative to the indel ([supplementary fig. S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt051/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt051/-/DC1) online). When multiple indels were present, half of the indel-bound region was ascribed to each flanking indel to avoid double-counting of polymorphisms. Because in most cases the length of the DNA fragment was not a multiple of 10, we retained the last window only if it contained ≥7 nucleotides. Windows less than 10 bp immediately adjacent to an indel were also excluded (e.g., an indel-bound region shorter than 20 bp). Single nucleotide differences were then averaged across all windows of a given distance from an indel to assess nucleotide polymorphism and divergence as a function of distance from indels. Window distances with a sample size less than 20 loci were discarded.

To control for differential selective constraints on DNA fragments, we used *C*. sp. 23 as an outgroup to determine the derived and ancestral state of indel mutations in *C. remanei*. We then computed *D*~i~, the amount of single nucleotide divergence between the outgroup and a *C. remanei* strain carrying the derived indel mutation, and *D*~ni~, the amount of single nucleotide divergence between the outgroup and a strain without the indel. If indels locally increase the mutation rate, then more substitutions are expected to accumulate on the lineage harboring the derived indel mutation ([@evt051-B48]; [@evt051-B54]; [@evt051-B34]). We then plotted *D*~i~ and *D*~ni~ as a function of the distance from the indel using nonoverlapping windows, as described earlier. For simplicity, we restricted this analysis to fragments containing only a single indel in *C. remanei*. The background level of divergence, *D*~b~, is the average level of divergence across all windows.

We also investigated selective constraints by comparing the excess of derived low-frequency variants between indel-containing fragments and nonindel fragments relative to a neutral reference. The excess of derived low-frequency variants is *E* (%) = \[100 × (*f*~r~ -- *f*~n~)\]/*f*~n~ where *f*~r~ is the fraction of variants in the region of interest (with-indel or no-indel fragments) that have a derived allele frequency (DAF) below a given cut-off, and *f*~n~ is the fraction of variants in the neutral reference with the same DAF cut-off ([@evt051-B35]). As a neutral reference we used derived polymorphisms at synonymous sites from 20 protein-coding genes ([@evt051-B11]). We applied five DAF cut-off values from 0.1 to 0.3 in increments of 0.05.

We followed the scheme of [@evt051-B34] to investigate the sequence context around indels. In particular, we identified homopolymeric repeats of four nucleotides or longer (maximum observed 8 bp long within *C. remanei*) and designated indels as "contiguous" to a repeat if the indel was immediately adjacent to it, or if it occurred inside the repeat. Multi-nucleotide repeat motifs were too rare in this data set to consider in addition to the mononucleotide repeats. Indels were designated as 'proximal' if they occurred within 5 bp of a repeat sequence. Repeats interrupted by a mutation in one allele that would result in conserved homopolymers shorter than four nucleotides were not counted in the repeat analysis.

Results and Discussion
======================

Indels Contribute Significantly to Sequence Divergence
------------------------------------------------------

*Caenorhabditis* nematodes provide an increasingly valuable model in evolutionary genetics but, until recently, analyses of molecular evolution have been limited by the extreme sequence divergence between known species. Here, we investigate the effects of indels on genome evolution by taking advantage of both the high nucleotide polymorphism within species and the modest divergence of *C. remanei* to the recently discovered close relative *C*. sp. 23 ([@evt051-B17]; [@evt051-B8]; [@evt051-B26]; [@evt051-B11]). Using a population genetic data set of 217 sequence fragments from *C. remanei* and 130 orthologous fragments from *C*. sp. 23, we identified 2,033 SNPs and 292 indels across the 39.5 kb of sequence in *C. remanei*. We also identified 268 SNPs and 35 indels in the 18.7 kb of sequence from *C*. sp. 23 ([table 1](#evt051-T1){ref-type="table"}). The ratio of indels to SNPs (*I*/*S*) is much less than 1 in both *C. remanei* and *C*. sp. 23, similar to the ratio previously reported on a genome-wide scale between two strains of *C. elegans* ([@evt051-B52]) ([table 2](#evt051-T2){ref-type="table"}). In stark contrast, direct detection of new mutations in *C. elegans* from sequencing of mutation accumulation lines show that new indel mutations occur more frequently than single nucleotide changes ([@evt051-B10]), indicating that selection disproportionately removes indels from populations ([@evt051-B6]). However, comparisons of the number of unmatched nucleotides due to indels with those due to nucleotide changes showed that indels dominate sequence divergence among closely related organisms ([@evt051-B3]). Although our estimates of the ratio of unpaired nucleotides from indels to nucleotide changes are less than 1 and are smaller than estimates reported for other species, they nevertheless implicate a significant contribution of indels to sequence divergence in *Caenorhabditis* and particularly within *C. remanei* ([table 2](#evt051-T2){ref-type="table"}). Table 1Summary of Indel and Nucleotide Diversity Identified in Our Data SetScale of DivergenceDNA Fragments*NL* (bp)Average *L* (bp)*I* (per bp)*RSD* (%)Within *C. remanei*All21739,502182.04292 (0.007)7682,0331.931No indel9213,688148.780 (0)2654821.418With indel12525,814206.51292 (0.011)5031,5512.309Within *C.* sp*.* 23All10318,674181.3035 (0.002)4272681.427No indel8014,241178.010 (0)3051230.812With indel234,433192.7435 (0.008)1221453.604*C. remanei* vs. *C.* sp*.* 23All13024,008184.68252 (0.010)4321,7038.341No indel325,1201600 (0)782084.265With indel9818,888192.73252 (0.013)3541,4959.672[^3] Table 2Summary of the Ratios of Indel and SNP (or Substitution) Counts and the Ratios of Unmatched Nucleotides (*R*~u~) Attributable to Indels and to Those Attributable to SNPs (or Substitutions)Scale of Divergence*I*/*SR*~u~Within *Caenorhabditis remanei*0.1440.971Within *C.* sp*.* 230.1310.317Within *C. elegans*[^a^](#evt051-TF1){ref-type="table-fn"}0.3320.548*C. remanei* vs. *C.* sp*.* 230.1480.654[^4]

Structural Alterations and Single Nucleotide Variants Cluster Together
----------------------------------------------------------------------

For this sample of the *C. remanei* genome, indels and SNPs co-occur nonrandomly at the scales of both variation within species and divergence between species. The presence of at least one indel significantly increases the amount of SNP by 1.6-fold (*C. remanei*) to 4.4-fold (*C*. sp. 23), and increases the observed sequence divergence between the two species by a factor of 2.3 ([fig. 1](#evt051-F1){ref-type="fig"}*A*). Remarkably, single nucleotide differences also correlate positively with the number of indels per DNA fragment, again regardless of whether the scale of comparison is between individuals of the same species or between different species (*C. remanei*: Spearman's ρ = 0.398, *P* \< 0.0001; *C*. sp. 23: Spearman's ρ = 0.465, *P* \< 0.0001; between species: Spearman's ρ = 0.431, *P* \< 0.0001) ([fig. 1](#evt051-F1){ref-type="fig"}*B*). F[ig]{.smallcaps}. 1.---(*A*) Higher nucleotide diversity is associated with the presence of indels at different time scales, within and between species. NI, no indel; I, indel. Means are represented ± 1 SEM (standard error of the mean). \*\*\*Wilcoxon two-sample test *P* \< 0.0001. (*B*) Nucleotide variation increases with the number of indels per DNA fragment. Comparison of mean nucleotide polymorphism and divergence in DNA fragments having different number of indels. Error bars represent ± 1 SEM.

We tested the robustness of the results from our curated alignment procedure by comparing them to an analysis of automated multiple sequence alignments, and found the same association between indels and nucleotide variation ([supplementary fig. S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt051/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt051/-/DC1) online). We also found little quantitative difference between estimates of nucleotide variation for indel-containing DNA fragments that were either manually or automatically aligned (*C. remanei*: Spearman's ρ = 0.980; *C*. sp. 23: ρ = 0.999; between species: ρ = 0.922) and for all DNA fragments (*C. remanei*: Spearman's ρ = 0.990; *C*. sp. 23: ρ = 0.999; between species: ρ = 0.945), indicating that the two procedures generate very similar multiple sequence alignments. Because our results are not sensitive to alternative alignment procedures, we used our manually curated alignments for further analysis. Moreover, these results for *Caenorhabditis* are entirely consistent with the clustering of indel and SNP mutations observed in prokaryotes and other eukaryotes ([@evt051-B20]; [@evt051-B30]; [@evt051-B51]; [@evt051-B48]; [@evt051-B54]; [@evt051-B9]; [@evt051-B23]; [@evt051-B34]).

Single Nucleotide Variation Increases near Indels
-------------------------------------------------

Recently, Tian et al. determined that the single nucleotide mutation rate is higher in the vicinity of indels in the genomes of primate, rodent, rice, fruit fly, and yeast ([@evt051-B48]). To test for such an effect in *Caenorhabditis*, we quantified single nucleotide differences in nonoverlapping 10-bp windows for each indel-containing DNA fragment and analyzed the change in nucleotide polymorphism and divergence as a function of the distance from the nearest indel ([supplementary fig. S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt051/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt051/-/DC1) online). We restricted analysis to nucleotide variation within *C. remanei* and to divergence between species, owing to the few indels detected within the smaller *C*. sp. 23 population sample ([table 1](#evt051-T1){ref-type="table"}). We found that the 10-bp window immediately adjacent to the indel has the greatest nucleotide polymorphism in *C. remanei*, and that nucleotide polymorphism declines as a function of the distance from the indel ([fig. 2](#evt051-F2){ref-type="fig"}*A*). This proximity to an indel exerts its influence over the long term, as well, with nucleotide divergence between *C. remanei* and *C*. sp. 23 also declining with distance from the indel ([fig. 2](#evt051-F2){ref-type="fig"}*B*). F[ig]{.smallcaps}. 2.---(*A*) Nucleotide diversity within *Caenorhabditis remanei* decreases as a function of the distance from the nearest indel. (*B*) Nucleotide divergence between *C. remanei* and *C.* sp*.* 23 decreases as the distance from the nearest indel increases. Each point in (*A*) and (*B*) represents the average nucleotide diversity in nonoverlapping windows of 10 bp equally distant from their nearest indel.

However, these patterns of greater SNP and divergence near indels could result either from a direct effect of indels on the mutation rate or from lower selective constraints permitting the accumulation of both indels and SNPs. The data analyzed for this study were originally collected for a survey of sequence variation at miRNA loci. Although here we only analyzed regions flanking the miRNAs, owing to strong purifying selection on the miRNA sequences themselves, regions downstream of the miRNAs tend to have higher nucleotide variation than upstream flanking regions (Jovelin R, Cutter AD, unpublished data). Nevertheless, this cannot explain the association between indels and SNPs because downstream fragments are not enriched for indels (χ^2^ test: *C. remanei*: *P* = 0.23; *C*. sp. 23: *P* = 0.51; between species: *P* = 0.54) and because the nonrandom distribution of indels and SNPs is observed both in upstream and downstream sequence fragments ([supplementary fig. S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt051/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt051/-/DC1) online). We therefore further investigated differential selective constraints among our collection of DNA fragments irrespective of their position relative to the miRNAs.

Purifying selection is expected to skew the site frequency spectrum toward rare variants ([@evt051-B15]). However, we do not find a significant difference in the Tajima's *D* summary of the site frequency spectrum ([@evt051-B45]) between those fragments containing at least one indel and those fragments lacking indels (mean Tajima's *D*: *D*~(nonindel)~ = −0.0586, *D*~(indel)~ = −0.1601; Wilcoxon two-sample *P* = 0.63). To further explore the intensity of purifying selection using allele frequencies, we compared the excess of derived low-frequency variants between indel-containing fragments and nonindel fragments relative to a neutral reference ([@evt051-B35]), using polymorphisms within *C. remanei* polarized with *C.* sp*.* 23 as the outgroup. However, nonindel fragments do not harbor significantly more low-frequency variants, regardless of which DAF cut-off value we chose, suggesting that nonindel fragments and indel-containing fragments experience similar levels of purifying selection ([fig. 3](#evt051-F3){ref-type="fig"}*A*). F[ig]{.smallcaps}. 3.---(*A*) Comparison of the mean excess of derived variants relative to a neutral reference at different frequency cut-offs between indel-containing fragments (dark gray) and nonindel fragments (light gray). DNA fragments without indels do not have significantly more derived variants than fragments with indels, suggesting that selective constraints operating on the two types of fragments are similar and cannot solely explain the increased nucleotide variation in indel-containing fragments. Error bars represent the standard error of the mean. (*B*) Comparison of nucleotide divergence between indel-containing alleles (black) and nonindel alleles (gray). Nucleotide divergence between *Caenorhabditis* sp*.* 23 and the *C. remanei* strain carrying the indels is higher immediately next to the indel suggesting that indels increase the local mutation rate.

Another way to control for the potential effect of selective constraints is to compare the number of substitutions that are specific to the lineages with and without indels. A higher number of substitutions is expected in the lineage carrying the derived indel allele if indels result in increased nucleotide mutations, and rate differences between the lineages with and without indels cannot be attributed to differences in selective constraints because the regions compared are strictly orthologous ([@evt051-B48]; [@evt051-B54]; [@evt051-B34]). We again used *C.* sp*.* 23 as the outgroup to determine the derived and ancestral state of indel mutations in *C. remanei*. We then computed nucleotide divergence between *C.* sp*.* 23 and a *C. remanei* strain containing an indel mutation (*D*~i~), and between *C.* sp*.* 23 and a *C. remanei* strain lacking the indel mutation (*D*~ni~). Plotting the level of divergence as a function of the distance from the indel, we found that, as expected if indels increase the mutation rate, *D*~i~ is nominally higher than *D*~ni~ in the window immediately adjacent to the indel ([fig. 3](#evt051-F3){ref-type="fig"}*B*). Although the difference between *D*~i~ and *D*~ni~ is not significant in window 1 (Wilcoxon two-sample *P* = 0.557), *D*~i~ in this window is significantly higher than the background divergence (*D*~b~) whereas *D*~ni~ is not (*D*~i~ vs. *D*~b~: Wilcoxon two-sample *P* = 0.041; *D*~ni~ vs. *D*~b~: *P* = Wilcoxon two-sample *P* = 0.199).

A mutagenic effect of indels predicts that the frequencies of nucleotide polymorphisms linked to derived indels would reflect the age of the indel allele. Derived indel variants at high frequency are likely to be older than low-frequency indels. Consequently, high frequency derived indels should occur on haplotypes with nucleotide polymorphisms at a broad range of frequencies, reflecting mutation over its history, and low frequency derived indels should occur on haplotypes with only low frequency SNPs, thus producing a positive correlation between indel and linked SNP frequencies (in contrast to the hypothesis of [@evt051-B31]). Supporting this prediction, we found a significant positive correlation between the frequencies of derived indels and derived SNPs in *C. remanei* (Spearman's ρ = 0.23, *P* = 5.5 × 10^−9^). When examined as a function of the distance from indels, we find this positive correlation in the two windows immediately flanking an indel, but the correlation becomes weak and not significant at the most distant windows from the indel (not shown). Altogether, these results are inconsistent with differential selective constraints among DNA regions having caused the clustering between indels and SNPs in *Caenorhabditis*. Instead, they implicate a higher mutation rate associated with the presence of the indel.

Regional Sequence Context and Indel-Associated Mutagenesis
----------------------------------------------------------

It was first suggested that indels might be mutagenic because indel heterozygotes could affect chromosomal pairing during meiosis, resulting in synthesis errors associated with DNA repair ([@evt051-B48]). Consistent with this hypothesis, the effect of indel-associated mutagenesis varies with the mating system of plant species and is lower in self-fertilizing species that have reduced indel heterozygosity ([@evt051-B23]). However, the mechanism responsible for the association between indels and nucleotide variants remains elusive. Several lines of evidence suggest that the mutagenic-when-heterozygous effect of indels might be transient and, alone, is insufficient to account for the patterns of elevated single nucleotide variation near indels. First, nucleotide variation is slightly increased relative to background divergence near the location of the indel in the lineage that does not carry the indel ([@evt051-B48]; [@evt051-B54]; [@evt051-B22]; [@evt051-B34]). Second, the association between indels and nucleotide variation is also observed within the same individual between normal and cancer somatic cells ([@evt051-B9]). Third, the proportion of nucleotide divergence attributable to the presence of an indel decreases over time, indicating that indels cause a short burst of nucleotide diversity but only transiently ([@evt051-B34]).

In addition to a direct mutagenic effect of heterozygous indels, recruitment of low-fidelity DNA polymerases to indels could increase the likelihood of synthesis error during DNA repair ([@evt051-B9]; [@evt051-B34]). McDonald et al. also suggested that the presence of repeat sequences leads to stalling during replication, which gets restarted by error-prone polymerases, thereby locally increasing the mutation rate. Because repeat sequences also can induce strand slippage and the creation of indels, and because polymerase-stalling motifs can lead to double-stranded DNA breaks, the elevated mutation rate may ultimately depend on the sequence context and the presence of repeat sequences ([@evt051-B34]).

Therefore, we searched for homopolymeric repeats in the vicinity of indels and found that 20.2% of indels are contiguous with a repeat motif in *C. remanei* (34.8% in *C*. sp*.* 23), and that 34.3% of *C. remanei* indels are located within 5 bp of a repeat (57.1% in *C*. sp*.* 23). Similarly, 33.7% of indels occur within 5 bp of a repeat sequence that is present in both species; 23.4% of indels are immediately adjacent to a repeat ([fig. 4](#evt051-F4){ref-type="fig"}). Thus, many indels are associated with homopolymeric repeats in *Caenorhabditis*, in agreement with the results reported for other species by [@evt051-B34]. However, an increasing number of repeats does not yield higher nucleotide diversity in DNA fragments that lack indels, as we found either no correlation or a negative correlation between nucleotide variation and repeat density (*C. remanei*: Spearman's ρ = −0.224, *P* = 0.032; *C*. sp. 23: ρ = −0.061, *P* = 0.588; between species: ρ = 0.116, *P* = 0.528). Similar results were found for all DNA fragments, with or without indels ([supplementary table S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt051/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt051/-/DC1) online). In addition, the significant positive correlation between the number of indels and repeats supports the hypothesis that repeat sequences may promote the creation of indels ([supplementary table S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt051/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt051/-/DC1) online). F[ig]{.smallcaps}. 4.---Indels are often associated with homopolymeric repeat sequences. The 20 bp surrounding indels and the proportion of indels associated with a repeat are shown. Only the position of the nearest repeat was scored when multiple repeats were found in the proximity of an indel.

An intriguing feature of the mutations close to indels is that they are enriched for transversions, despite a genomic transition mutation bias ([fig. 5](#evt051-F5){ref-type="fig"}). This pattern is reminiscent of the mutation bias toward transversions of some error-prone polymerases ([@evt051-B48]; [@evt051-B34]). We analyzed the ratio of transitions to transversions as a function of the distance from indels for mutations segregating within *C. remanei* and for substitutions between *C. remanei* and *C.* sp*.* 23. Polymorphisms in *C. remanei* are only slightly enriched for transversions immediately next to an indel, but this trend is exacerbated for substitutions between the species ([fig. 5](#evt051-F5){ref-type="fig"}). The human genome exhibits a similar contrast, in which polymorphisms do not seem to be enriched for transversions near indels ([@evt051-B9]), despite more numerous transversion substitutions between human and chimpanzee near indels ([@evt051-B48]). These findings are consistent with the accumulation over evolutionary time of mutations induced by error-prone polymerases. F[ig]{.smallcaps}. 5.---The proportion of transversion mutations (black) segregating in *Caenorhabditis remanei* is slightly increased near indels (*A*), whereas this trend is more pronounced for transversion substitutions between *C.* sp*.* 23 and *C. remanei* (*B*). Windows with less than 50 mutations or substitutions were discarded to avoid variation in the transition/transversion ratio due to low sampling. The trend is smoothened in (*A*) and (*B*) by using windows of 20 bp instead of windows of 10 bp.

Conclusion
==========

Indels in the genomes of *Caenorhabditis* nematodes associate nonrandomly with nucleotide variants and this association cannot be explained solely by relaxed purifying selection on the afflicted sequence regions. Our results suggest that error-prone DNA repair could explain indel-associated mutation, although the data do not preclude a role for indels having a mutational effect when heterozygous. A formal alternative is that a single complex mutation comprising both indels and single nucleotide changes might create clustering of and linkage disequilibrium between indels and SNPs ([@evt051-B22]), although it is unclear whether this mechanism could enrich the nearby SNPs in transversions. Instead, our analysis supports a model in which regional sequence context, in particular homopolymeric repeats, increases the likelihood of indel creation and the subsequent recruitment of low-fidelity DNA polymerases for DNA repair, resulting in a locally elevated single nucleotide mutation rate and a local bias toward transversions. Although here we focused on the association between indels and SNPs, our results support the emerging general view that mutations can themselves induce other mutations ([@evt051-B1]; [@evt051-B21], [@evt051-B22]; [@evt051-B39]). The mutagenic properties of mutations may have nontrivial consequences on genome evolution and may therefore represent a significant source of the heterogeneity in nucleotide variation across genomes. Moreover, when sign epistasis---the genetic background-dependent effect of a mutation on fitness---is prevalent ([@evt051-B50]; [@evt051-B49]), this local mutagenic effect of mutations could profoundly affect the rate of adaptation by bringing together tightly linked combinations of mutations that, under some circumstances, could either enhance or hamper adaptation.

Supplementary Material
======================

[Supplementary figures S1--S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt051/-/DC1) and [table S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt051/-/DC1) are available at *Genome Biology and Evolution* online (<http://www.gbe.oxfordjournals.org/>).
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